Abstract: Porous ceramic membranes (PCMs) are considered as an efficient hot gas filtration material in industrial systems. Functionalization of the PCMs with high-efficiency catalysts for the abatement of volatile organic compounds (VOCs) during dust elimination is a promising way to purify the industrial exhaust gases. In this work, we prepared PCMs (porosity: 70%) in a facile sintering process and integrated Cu-doped Mn-Ce oxides into the PCMs as monolithic catalysts by the sol-gel method for benzene oxidation. Through this method, the catalysts are dispersed evenly throughout the PCMs with excellent adhesion, and the catalytic PCMs provided more active sites for the reactant gases during the catalytic reaction process compared to the powder catalysts. The physicochemical properties of PCMs and catalytic PCMs were characterized systematically, and the catalytic activities were measured in total oxidation of benzene. As a result, all the prepared catalytic PCMs exhibited high catalytic activity for benzene oxidation. Significantly, the monolithic catalyst of Cu 0.2 Mn 0.6 Ce 0.2 /PCMs obtained the lowest temperature for benzene conversion efficiency of 90% (T 90 ) at 212 • C with a high gaseous hourly space velocity of 5000 h −1 and showed strong resistance to high humidity (90 vol.%, 20 • C) with long-term stability in continuous benzene stream, which is caused by abundant active adsorbed oxygen, more surficial oxygen vacancy, and lower-temperature reducibility.
Introduction
In recent years, air pollution, particularly the fine particulate matters (PM 2.5 ), has aroused general concern in China [1] [2] [3] [4] . Diverse industrial processes and the ignition of non-renewable energy sources produce different kinds of volatile organic compounds (VOCs) containing PM 2.5 which cause serious toxicological and unexpected side effects on the urban air quality, human body, and even on the climatic condition as secondary pollutants [5, 6] . Generally, the effective filter materials of porous ceramic membranes (PCMs) were broadly utilized for PMs filtration owing to its unique properties, such as low density, high open porosity, high strength and toughness, incredible high temperature, and chemical resistance in the hot gas filtration processes [7] [8] [9] [10] . In our pervious works, we prepared such filter materials successfully and received great PMs filtration efficiency under a lower pressure drop [11, 12] . In fact, it is profoundly desirable to remove hazardous VOCs while we filter the PMs utilizing the PCMs from the hot gases simultaneously. For eliminating VOCs emissions, the catalytic oxidation is regarded as a compelling strategy compared to other VOCs disposal techniques, attributable to its and 20% Cu doping is a suitable content. To examine the stability and humidity resistance of the Mn0.6Ce0.2Cu0.2/PCMs, the on-stream reaction of benzene oxidation over catalyst at 225 °C with 90 vol.% (20 °C) water vapor was conducted. As is shown in Figure 1b , Mn0.6Ce0.2Cu0.2/PCMs exhibit high stability in the presence of high humidity that a certain amount of water vapor has almost no effect on the activity of the catalyst. The texture properties of as-prepared catalysts and the mechanism discussions are illustrated in the following text. 
Discussion

Phase Characterization and Textural Properties
The prepared PCMs showed high porosity (apparent porosity 70%), high compressive strength (5.5 Mpa), low density (0.88 g/cm 3 ), low linear shrinkage (lower than 0.5%), and excellent corrosion resistance in a strong acid or base solution, which is applicable for the environment that is even associated with high-temperature or chemical corrosive conditions. The phase analysis of calcined support PCMs and the PCMs with different loadings of Mn, Ce, and Cu species was evaluated by Xray diffraction (XRD). The results in Figure 2 showed strong diffraction mullite peaks [3Al2O3 2SiO2, PDF #00-015-0776] and low-intensity cristobalite peaks [SiO2, PDF #01-082-1233] which were attributed to the PCMs support. The relatively weak peaks of manganese oxides (MnO2, PDF#01-072-1983 and Mn3O4, PDF#03-065-2776), the cerium oxide (CeO2, PDF#00-044-1001) can be detected from 
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Phase Characterization and Textural Properties
The prepared PCMs showed high porosity (apparent porosity 70%), high compressive strength (5.5 Mpa), low density (0.88 g/cm 3 ), low linear shrinkage (lower than 0.5%), and excellent corrosion resistance in a strong acid or base solution, which is applicable for the environment that is even associated with high-temperature or chemical corrosive conditions. The phase analysis of calcined support PCMs and the PCMs with different loadings of Mn, Ce, and Cu species was evaluated by X-ray diffraction (XRD). The results in Figure 2 showed strong diffraction mullite peaks [3Al 2 O 3 2SiO 2 , PDF #00-015-0776] and low-intensity cristobalite peaks [SiO 2 , PDF #01-082-1233] which were attributed to the PCMs support. The relatively weak peaks of manganese oxides (MnO 2 , PDF#01-072-1983 and Mn 3 O 4 , PDF#03-065-2776), the cerium oxide (CeO 2 , PDF#00-044-1001) can be detected from all catalytic PCMs; copper oxide (CuO, PDF#01-089-2530) phases were detected in the Cu doped Mn-Ce/PCMs catalysts. The XRD data showed that Cu-doped Mn-Ce oxides were integrated into the PCMs as monolithic catalysts. Moreover, the weak diffraction peaks of Cu-Mn oxides including (Cu 1.5 Mn 1.5 O 4 , PDF#01-070-0262) and (CuMn 2 O 4 , PDF#01-074-1919) were observed in the Cu-doped Mn-Ce/PCMs. It can be deduced that Cu ion doping distorted the crystal lattice of MnOx slightly. Meanwhile, another weak diffraction peak of ceria copper oxide (Cu x Ce 1−x O 2 , PDF#01-070-0262) was detected, which showed copper ions were also partially incorporated into the CeO 2 crystal lattice and formed the relevant solid solution. Therefore, compared to MnO x /PCMs, CeO 2 /PCMs, and Mn-Ce/PCMs catalysts, Catalysts 2019, 9, 652 4 of 14 the Cu-doped Mn-Ce/PCMs catalysts showed more lattice defects and active sites which promote the electron or oxygen transfer due to the synergistic effects between the Mn-Ce oxides and Cu element.
PCMs as monolithic catalysts. Moreover, the weak diffraction peaks of Cu-Mn oxides including (Cu1.5Mn1.5O4, PDF#01-070-0262) and (CuMn2O4, PDF#01-074-1919) were observed in the Cu-doped Mn-Ce/PCMs. It can be deduced that Cu ion doping distorted the crystal lattice of MnOx slightly. Meanwhile, another weak diffraction peak of ceria copper oxide (CuxCe1−xO2, PDF#01-070-0262) was detected, which showed copper ions were also partially incorporated into the CeO2 crystal lattice and formed the relevant solid solution. Therefore, compared to MnOx/PCMs, CeO2/PCMs, and MnCe/PCMs catalysts, the Cu-doped Mn-Ce/PCMs catalysts showed more lattice defects and active sites which promote the electron or oxygen transfer due to the synergistic effects between the Mn-Ce oxides and Cu element. The optical images of PCMs before and after supported catalysts are showed in Figure 3a . The surface of support PCMs was regular and flat without any apparent holes or flaws. The PCMs after supported catalysts showed an obvious color change from white to black. The active oxides exhibited great adhesion to the PCMs support after calcination. The amount of catalyst grown on the PCMs (4.250 ± 0.2g) were about 30 ± 1wt.% loadings which included different Cu, Mn, and Ce atomic ratios. The as-prepared monolithic catalysts were defined as a micro-flow reactor which can improve gas and heat transfer during reaction processes. The optical images of PCMs before and after supported catalysts are showed in Figure 3a . The surface of support PCMs was regular and flat without any apparent holes or flaws. The PCMs after supported catalysts showed an obvious color change from white to black. The active oxides exhibited great adhesion to the PCMs support after calcination. The amount of catalyst grown on the PCMs (4.250 ± 0.2g) were about 30 ± 1wt.% loadings which included different Cu, Mn, and Ce atomic ratios. The as-prepared monolithic catalysts were defined as a micro-flow reactor which can improve gas and heat transfer during reaction processes. The microstructure of the samples was observed by scanning electron microscope (SEM) as shown in Figure 3b -f. The PCMs showed a specifically high porous network structure, and the catalyst active components were homogeneously coated in the skeleton of the PCMs. The element content and dispersion of samples were examined by scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) analysis. Figure 4 shows the SEM-EDS analysis of Mn0.6Ce0.2Cu0.2/PCMs as an example. The atomic ratio of Cu and Mn/Ce was close to the initial metal salt solution, and the catalyst particles were uniformly distributed in the three-dimensional network structure of the PCMs. The microstructure of the samples was observed by scanning electron microscope (SEM) as shown in Figure 3b -f. The PCMs showed a specifically high porous network structure, and the catalyst active components were homogeneously coated in the skeleton of the PCMs. The element content and dispersion of samples were examined by scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) analysis. Figure 4 shows the SEM-EDS analysis of Mn 0.6 Ce 0.2 Cu 0.2 /PCMs as an example. The atomic ratio of Cu and Mn/Ce was close to the initial metal salt solution, and the catalyst particles were uniformly distributed in the three-dimensional network structure of the PCMs. The microstructure of the samples was observed by scanning electron microscope (SEM) as shown in Figure 3b -f. The PCMs showed a specifically high porous network structure, and the catalyst active components were homogeneously coated in the skeleton of the PCMs. The element content and dispersion of samples were examined by scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) analysis. Figure 4 shows the SEM-EDS analysis of Mn0.6Ce0.2Cu0.2/PCMs as an example. The atomic ratio of Cu and Mn/Ce was close to the initial metal salt solution, and the catalyst particles were uniformly distributed in the three-dimensional network structure of the PCMs. To evaluate the changes of pore structure, the pore size distributions of the support PCMs and catalytic PCMs were analyzed by mercury intrusion method. All the catalytic samples showed similar results; here we take Mn0.6Ce0.2Cu0.2/PCMs as an example. As shown in Figure 5 , the PCMs demonstrated a narrow pores size distribution condition. The pore distribution of support PCMs To evaluate the changes of pore structure, the pore size distributions of the support PCMs and catalytic PCMs were analyzed by mercury intrusion method. All the catalytic samples showed similar results; here we take Mn 0.6 Ce 0.2 Cu 0.2 /PCMs as an example. As shown in Figure 5 , the PCMs demonstrated a narrow pores size distribution condition. The pore distribution of support PCMs ranged from 10 to 50 µm, and the most probable distribution appeared at about 26.4 µm. Accordingly, compared to support PCMs, the main pore size of PCMs with loading catalysts (mainly appeared at 24.5 µm) showed slight changes, but the pore size distribution was between 10-60 µm, which is quite close to the support PCMs.
The transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images of Cu-doped Mn-Ce oxide, Mn-Ce oxide pure CeO 2 , MnOx catalysts supported onto the PCMs were analyzed as shown in Figure 6 . ranged from 10 to 50 µm, and the most probable distribution appeared at about 26.4 µm. Accordingly, compared to support PCMs, the main pore size of PCMs with loading catalysts (mainly appeared at 24.5 µm) showed slight changes, but the pore size distribution was between 10-60 µm, which is quite close to the support PCMs. The transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images of Cu-doped Mn-Ce oxide, Mn-Ce oxide pure CeO2, MnOx catalysts supported onto the PCMs were analyzed as shown in Figure 6 . The transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images of Cu-doped Mn-Ce oxide, Mn-Ce oxide pure CeO2, MnOx catalysts supported onto the PCMs were analyzed as shown in Figure 6 . 
N 2 Adsorption-Desorption Analysis
The specific surface area (S BET ), average pore size (D P ), and total pore volume (D V ) of support PCMs and catalytic PCMs are shown in Table 1 . The S BET of all catalyst-supported PCMs were higher than that of pure PCMs (3.3 m 2 /g). When Cu species were partially incorporated into the Mn and Ce oxides, the samples showed larger surface areas around 29.5-29. The results revealed that Cu doping into the Mn and Ce species leads to change in the catalyst surface structures. Figure 7 shows XPS spectra of the Mn 2p, Ce 3d, Cu 2p, and O 1s of the samples. From Figure 7a , the Mn 2p XPS spectra for binding energies of Mn 2p 3/2 and Mn 2p 1/2 are consistent with the previous reported results [21, 38] . The Mn 2p 3/2 peaks can be divided into three components located at BE = 641.2, 642.5, and 644.3 eV attributed to the surface Mn 3+ , Mn 4+ , and the satellite peak of Mn 3+ , respectively. The atomic ratios of Mn 4+ /Mn 3+ were calculated from the peak areas of XPS spectra as listed in Table 1 . Apparently, the Cu doping content has an obvious influence on the surface Mn 4+ /Mn 3+ ratios. When Cu species are incorporated into the Mn-Ce crystal lattices, the Mn 4+ /Mn 3+ atomic ratios increased. The higher value manganese oxidation state (Mn 4+ ) possesses more oxygen vacancy in the MnO x crystal lattice, which introduce more surface positive charge that is beneficial for the formation of adsorbed oxygen. Meanwhile, the presence of a small amount of lower value manganese state (Mn 3+ ) in the crystal produces oxygen vacancies and promote the lattice oxygen migration [39] . The Mn 4+ /Mn 3+ ratios of catalysts follow the order below: Mn 0. 6 Figure 7b , The XPS spectra of Ce 3d are separated into eight peaks, and the peaks marked v and u represent the spin-orbit doublets of Ce 3d 5/2 and Ce 3d 3/2 , respectively. The peaks located at BE = 884.9 eV (ν 1 ) and 901.0 eV (u 1 ) are assigned to the Ce 3+ species, while the Ce 4+ is characterized by six other peaks: BE = 882.7eV (v 0 ), 888.9 eV (v 2 ), 898.5 eV (ν 3 ), 903.2 eV (u 0 ), 907.3 eV (u 2 ), and 916.8 eV (u 3 ) [21, 40] . The results showed that both Ce 4+ and Ce 3+ states existed in all the catalysts, and the Ce species mainly existed in Ce 4+ oxidation state. However, the existence of small amount of Ce 3+ , which can lose an electron to get oxidized to Ce 4+ in the catalysts, therefore improves the redox transformation process [41] . Oads. (as listed in Table 1 ). The adsorbed oxygen also can be promoted by the "Cu←O" electrontransfer process [45, 46] . The catalyst of Mn0.6Ce0.2Cu0.2/PCMs with the most (Oads)/O ratio (0.201) showed the best catalytic performance during oxidation of benzene. The Cu 2p XPS spectra of the samples are presented in Figure 7c . XPS spectra of Mn 0.7 Ce 0.2 Cu 0.1 /PCMs is disordered which is caused by the low content of Cu species. All the Cu 2p XPS spectra are characterized by two primary areas of Cu 2p 1/2 and Cu 2p 3/2 accompanying with shake-up satellite peaks. The Cu 2p 3/2 peaks located at BE = 933.3 eV and Cu 2p 1/2 at BE = 953.3 eV with a strong shake-up satellite at BE = 940-945 eV (remarked as S 1 and S 2 ) are recognized as Cu 2+ . Another relatively weak Cu 2p 3/2 peak at 931.1 eV and Cu 2p 1/2 at 951.1 eV is observed for the high Cu containing catalysts that can be due to the Cu + ions [42, 43] . The O 1s XPS spectra of the samples can be broken down to three components as shown in Figure 7d . Respectively, the peaks at 529. 6 Table 1 ). The adsorbed oxygen also can be promoted by the "Cu←O" electron-transfer process [45, 46] . The catalyst of Mn 0.6 Ce 0.2 Cu 0.2 /PCMs with the most (O ads )/O ratio (0.201) showed the best catalytic performance during oxidation of benzene.
X-ray Photoelectron Spectra
H 2 -TPR Analysis
The reduction of the prepared monolithic catalysts with different amounts of Cu ions was carried out by H 2 -TPR. The support PCMs are difficult to be reduced due to their strong thermal and chemical stability, so the reduction peaks belong to the reduction of Cu-Mn-Ce oxides during the test procedure. As shown in Figure 8 , each H 2 -TPR result of Cu-doped mixed catalysts showed two reduction peaks at below 300 • C. The incorporation of Cu species into the catalysts can mutually facilitate the reduction of each active component, therefore all the reduction peaks are difficult to distinguish owing to the higher reducibility of Cu [47, 48] . From Figure 8 , the reduction peaks at low temperature is attributed to the highly dispersed Cu ions, while the high temperature peaks can be due to to the reduction of Cu + species [49,50], and Table 1 also listed the H 2 -consumptions of each reduction peaks in TPR profiles. The result shows that temperature of reduction peaks slightly shift to lower temperature zone and its H 2 consumption is obviously increased with the addition of Cu species and indicates a strong interaction between the Cu and Mn-Ce oxides. The Mn 0.6 Ce 0.2 Cu 0.2 /PCMs achieves the best reducibility showing the most H 2 consumption (1.974 mmol/g) with the maximum amount estimated for the elements in their highest oxidation state. A possible explanation is that the Cu reduction occurs with the reduction of Mn and Ce ions, and doping Cu species obviously improved the content of lattice defect and oxygen vacancies which results in enhanced mobility of active oxygen species. The promoted oxygen mobility of the as-prepared catalysts will be beneficial to the oxidation of benzene.
Catalysts 2019, 9, x FOR PEER REVIEW 9 of 15
H2-TPR Analysis
The reduction of the prepared monolithic catalysts with different amounts of Cu ions was carried out by H2-TPR. The support PCMs are difficult to be reduced due to their strong thermal and chemical stability, so the reduction peaks belong to the reduction of Cu-Mn-Ce oxides during the test procedure. As shown in Figure 8 , each H2-TPR result of Cu-doped mixed catalysts showed two reduction peaks at below 300 °C. The incorporation of Cu species into the catalysts can mutually facilitate the reduction of each active component, therefore all the reduction peaks are difficult to distinguish owing to the higher reducibility of Cu [47, 48] . From Figure 8 , the reduction peaks at low temperature is attributed to the highly dispersed Cu ions, while the high temperature peaks can be due to to the reduction of Cu + species [49,50], and Table 1 also listed the H2-consumptions of each reduction peaks in TPR profiles. The result shows that temperature of reduction peaks slightly shift to lower temperature zone and its H2 consumption is obviously increased with the addition of Cu species and indicates a strong interaction between the Cu and Mn-Ce oxides. The Mn0.6Ce0.2Cu0.2/PCMs achieves the best reducibility showing the most H2 consumption (1.974 mmol/g) with the maximum amount estimated for the elements in their highest oxidation state. A possible explanation is that the Cu reduction occurs with the reduction of Mn and Ce ions, and doping Cu species obviously improved the content of lattice defect and oxygen vacancies which results in enhanced mobility of active oxygen species. The promoted oxygen mobility of the as-prepared catalysts will be beneficial to the oxidation of benzene. 
Proposed Benzene Oxidation Mechanism
According to the above characterization results, the proposed benzene oxidation mechanism of Cu-doped Mn-Ce monolithic catalyst is discussed. Figure 9 demonstrates the possible route for benzene catalytic oxidation over the Cu-doped Mn-Ce/PCMs catalyst. PCMs were fabricated by linking mullite fibers with different kinds of addition agents in a sinter-locked three-dimensional structure under high temperature treatment. By loading catalytic components to the ceramic 
According to the above characterization results, the proposed benzene oxidation mechanism of Cu-doped Mn-Ce monolithic catalyst is discussed. Figure 9 demonstrates the possible route for benzene catalytic oxidation over the Cu-doped Mn-Ce/PCMs catalyst. PCMs were fabricated by linking mullite fibers with different kinds of addition agents in a sinter-locked three-dimensional structure under high temperature treatment. By loading catalytic components to the ceramic membrane, a monolithic structured catalyst with their unique properties can be obtained. The as-prepared PCMs is a novel catalyst support which can effectively improve the gas and heat transfer during the reaction process. After integrating the Cu-doped Mn-Ce oxides into the PCMs as monolithic catalysts, the Mn 0.6 Ce 0.2 Cu 0.2 /PCMs shows significant catalytic activity. According to the XRD patterns, weak peaks of copper manganese oxide (Cu 1.5 Mn 1.5 O 4 , CuMn 2 O 4 ) and ceria copper oxide (Cu x Ce 1−x O 2 ) were detected over the Cu-doped Mn-Ce/PCMs, indicating the influence of the introduced Cu ion on the crystal lattice of Mn-Ce oxides and the great synergistic interaction between the Cu and Mn-Ce species, and the relevant analysis in TEM intuitively demonstrated the corresponding results as well. The discussions from H 2 -TPR and XPS analysis confirmed the improved reducibility and abundance of active adsorbed oxygen generated on the Mn 0. 6 
Materials and Methods
Preparation of PCMs and Catalytic PCMs
The original PCMs were prepared through molding method as detailed in our previous works [12, 19] . In brief, a raw mixture containing short-cut mullite fiber, binder of kaolin and kalialbite, carboxymethylcellulose, corn starch, as well as deionized water was ball-milled proportionally to form the slurry. Then the green bodies of PCMs were manufactured by pressing a specific amount of mixture into a circular metal mold with a diameter of 50 mm at 2 Mpa. After drying (at 105 °C, 2 h) and sintering (at 1250 °C, 2 h, 3 °C/min) of the prepared samples, we finally obtained the support PCMs, and all the PCMs used for catalysts support were cut into cylindrical shape (Ф 20 mm × 10 mm). At first, the small PCMs disks were immersed in concentrated nitric acid (10 wt.%) at room temperature for 12 h 
Materials and Methods
Preparation of PCMs and Catalytic PCMs
The original PCMs were prepared through molding method as detailed in our previous works [12, 19] . In brief, a raw mixture containing short-cut mullite fiber, binder of kaolin and kalialbite, carboxymethylcellulose, corn starch, as well as deionized water was ball-milled proportionally to form the slurry. Then the green bodies of PCMs were manufactured by pressing a specific amount of mixture into a circular metal mold with a diameter of 50 mm at 2 Mpa. After drying (at 105 • C, 2 h) and sintering (at 1250 • C, 2 h, 3 • C/min) of the prepared samples, we finally obtained the support PCMs, and all the PCMs used for catalysts support were cut into cylindrical shape (Φ 20 mm × 10 mm). At first, the small PCMs disks were immersed in concentrated nitric acid (10 wt.%) at room temperature for 12 h to remove soluble impurities, afterward, the treated PCMs were cleaned thoroughly with deionized water and then dried overnight at 120 • C.
The Mn-Ce/PCMs catalysts and different atomic ratio of Cu-doped Mn-Ce/PCMs were prepared by the sol-gel method as follows. First, Ce(NO 3 ) 3 ·6H 2 O, Mn(NO 3 ) 2 (50 wt.% aqueous solution), Cu(NO 3 ) 2 ·4H 2 O, and citric acid (n (citric acid) :n (Mn + Ce+ Cu) ) = 0.3 in molar ratio) were mixed in proper molar ratios in an appropriate volume of deionized water to obtain a stable solution. Then the solution was stirred continuously at 80 • C for 4 h to produce a sol, and the cylindrical PCMs were dipped into this viscous solution for 2 h under stirring. Subsequently, the prepared samples were dried at 130 • C for 12 h and sintered at 550 • C for 4 h in the air. By this experimental procedure, uniform dispersed catalysts formed on the monolithic PCMs during heat treatment, and the total loading of catalysts per PCMs were 30 ± 1 wt.%. Thus, the monolithic catalysts with different atomic ratios (marked as Mn x Ce y Cu z /PCMs where x, y, and z are the molar ratios of Mn, Ce, Cu in the catalysts, respectively) based on the Cu-doped Mn-Ce/PCMs were prepared following the same schedule.
Characterization of PCMs and Catalytic PCMs
The microstructures of the samples were examined by scanning electron microscopy (SEM, JEOL, JSM-6700F, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL, JEM-2100F, Tokyo, Japan). Energy dispersive X-ray spectrometer (EDS, EMAX-500, HORIBA Ltd., Tokyo, Japan) connected to a SEM was used to analyze the elemental mapping. The technique of mercury porosimetry (AutoPore IV 9500, Norcross, GA, USA) was applied to test the porosity and mainly the pore size distribution of the support PCMs. The crystal structure of samples was characterized via X-ray diffraction (XRD, PANalytical, X 'Pert PRO MPD Cu Kα = 1.542 Å, The Netherlands). The specific surface area of the catalysts was measured by the Brunauer-Emmett-Teller (BET) method via N 2 adsorption and desorption method by the automatic surface analyzer (AS-1-C TCD, Quantachrome Cor., Boynton Beach, FL, USA). To analyze the reducibility performance of the catalysts, hydrogen temperature-programmed reduction (H 2 -TPR) was employed which operated with an automated catalyst characterization system (Autochem 2920, Micromeritics, Norcross, GA, USA). The surface species of catalysts were determined by X-ray photoelectron spectroscopy (XPS, XLESCAL AB 250Xi electron spectrometer, VG Scientific, Waltham, MA, USA).
Catalytic Performance Evaluation
The catalytic oxidation performances for benzene combustion were conducted in a fixed-bed quartz tubular microreactor (diameter 20 mm) at an atmospheric pressure using a gaseous hourly space velocity (GHSV) of 5000 h −1 . In each test, a cylindrical catalytic PCM (Φ 20 mm × 10 mm) was loaded inside of the quartz tube reactor. The catalyst bed temperature was detected by a thermocouple placed in the heating furnace. The measured temperature ranged from 100 • C to 300 • C during the catalytic reaction. The reactant airflow was composed of 100 ppm benzene with synthetic air. The concentrations of C 6 H 6 and CO 2 in the inlet and outlet gases were tested by a gas chromatograph (Shimadzu GC-2014) equipped with flame ionization detector (FID) and methanizer furnace. The catalytic performances of the samples were estimated based on benzene conversion and CO 2 yield which determined as follows:
Benzene conversion: To analyze the influence of water vapor for the catalytic performance, we produced water vapor by bubbling water with air to bring in the on-stream benzene oxidation experiment, and a humidity sensor meter (center 310 RS-232, TES, Taipei, Taiwan) was employed to measure the corresponding relative humidity in the testing process.
Conclusions
In summary, we successfully fabricated porous ceramic membranes which served as a catalyst support. Then, Mn-Ce catalysts doped with varying Cu content were coated on the PCMs through sol-gel method. Hence, a highly efficient monolithic catalyst of Cu-doped Mn-Ce/PCMs was synthesized for the removal of VOCs, showing that Cu doping content has a great impact on the catalytic performance of the monolithic catalysts. The incorporation of Cu species effectively enhanced the catalytic activity compared to Mn-Ce bimetallic mixed oxides. Furthermore, among all samples, the as-prepared catalyst of Mn 0.6 Ce 0.2 Cu 0.2 /PCMs showed the best catalytic activity for benzene oxidation with the lowest T 90 at 212 • C and a favorable stability under GHSV of 5000 h −1 . This activity is higher than other catalysts and the T 90 was 35 • C lower than those achieved over the Mn-Ce/PCMs catalyst. The enhanced catalytic activity caused by the formation of more oxygen vacancies and lattice defects brought by Cu doping in the surface of catalysts was due to the synergistic effects. In addition, the PCMs demonstrated a narrow pore distribution before and after the supporting catalysts, and the well-adhered catalysts were almost dispersed throughout the PCMs network structures homogenously, ensuring high catalytic activity and stability under a low pressure drop. In all, our work demonstrates a promising way to functionalize the PCMs with high-efficient catalytic components as a monolithic catalyst for the removal of hazardous VOCs from industrial processes associated with harsh conditions such as high temperature and corrosive environments.
